The functional cooperation of TF and DnaK improves polypeptides during and after translation. How this interthe folding yield but markedly delays folding relative to vention affects the mechanism of protein folding and its translation. While ␤-gal is adapted to interact with the coupling to translation, however, has remained unexbacterial chaperones productively, the folding of luciferplored, in particular for larger multidomain proteins. ase in the E. coli system remains inefficient. A similar Elongating polypeptide chains on ribosomes populate aggregation-prone conformations, because the burial of incompatibility with the TF/DnaK machinery may also contribute to the low folding yields observed with other modular proteins from eukaryotes upon expression in *Correspondence: uhartl@biochem.mpg.de 3 These authors contributed equally to this work.
Figure 1. Effect of Chaperones on Folding Yields of FL and ␤-Gal (A and B) Expression of FL (A) and ␤-gal (B) in E. coli wt and mutant strains in vivo. (Upper panels) Enzyme activities (white bars) and protein amounts (black bars) present after a 15 min induction in total (T), supernatant (S)
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al., 1996). FL is a monomeric two-domain protein of 62 kDa, and ␤-gal is active as a tetramer of identical 116 kDa subunits composed of five compact domains (Conti
. ⌬tig and ⌬dnaK strain (⌬tig⌬dnaKdnaJ) now provides the opportunity to examine the fate of newly synthesized polypeptides in dnaJ cells produced ‫%08ف‬ and ‫%05ف‬ of active ␤-gal, respectively, and the ⌬tig⌬dnaKdnaJ strain yielded only vivo in the complete absence of the major nascent chaininteracting chaperones. ⌬tig⌬dnaKdnaJ cells are adapt-‫%02ف‬ soluble and active protein relative to wt ( Figure  1B ). Thus, any compensatory mechanisms allowing able to growth at 30ЊC-37ЊC, but they nevertheless display fundamental defects in protein folding. These ⌬tig⌬dnaKdnaJ cells to survive apparently do not correct the folding defect for multidomain proteins such as cells have a pronounced filamentous phenotype and accumulate substantial amounts of aggregated proteins FL and ␤-gal. Figure S1B ).
The contribution of TF and DnaK to FL and ␤-gal (Genevaux et al., 2004) (see Supplemental
Firefly luciferase (FL) and bacterial ␤-gal were chosen folding was further explored in vitro in S30 translation lysates from E. coli. These lysates support efficient proas model multidomain proteins to investigate the effects of TF and the DnaK system on the folding of nascent tein synthesis ‫002ف(‬ g/ml per hour) but represent dilute cytosol preparations with low levels of endogenous polypeptides. Importantly, the GroEL chaperonin system is unable to mediate productive folding of either of chaperones. The in vivo concentrations of TF and DnaK under standard growth conditions are ‫04ف‬ M and ‫05ف‬ these proteins (Ayling and Baneyx, 1996; Buchberger et M, respectively (Hesterkamp and Bukau, 1998; Lill et al., 1988) . In contrast, the S30 translation reaction used here contains only ‫5.0ف‬ M TF and DnaK (data not shown) and thus should mimic the ⌬tig⌬dnaKdnaJ deletion mutant with respect to FL and ␤-gal folding. Indeed, ATP-dependent refolding of purified, denatured FL diluted into the S30 lysate was only ‫%01ف‬ efficient, whereas 70%-90% refolding with a t 1/2 of ‫01ف‬ min was obtained when purified DnaK (10 M), DnaJ (2 M), and GrpE (6 M) (KJE) were added, irrespective of the presence of TF (5 M) (see Supplemental Figure S2 at http://www.cell.com/cgi/content/full/117/2/199/DC1).
In contrast, addition of TF to the S30 lysate during translation increased the specific activity of newly synthesized FL 2-to 3-fold, while the solubility improved from ‫%04ف‬ to ‫%06ف‬ ( Figure 1C ). This effect was dependent on the low amounts of DnaK in the lysate, as it was not seen when DnaK levels were reduced further by immunodepletion (see Supplemental Figure S3 at http://www.cell.com/cgi/content/full/117/2/199/DC1). Addition of KJE alone was without effect on FL activity, even though essentially all FL was soluble under these conditions ( Figure 1C ). Supplementing both TF and KJE caused an ‫-4ف‬fold increase in specific activity compared to the unmodified lysate, reaching a final folding yield of 20%-30% based on a comparison with a purified FL standard. These observations suggest that TF and KJE must cooperate to increase the de novo folding efficiency of FL, in contrast to refolding, which requires only KJE. Interestingly, FL folding upon synthesis in chaperone-supplemented lysate was substantially less efficient (20%-30%) than refolding of the denatured protein in the same lysate (70%-90%). Thus, a large fraction of the soluble FL produced upon translation must be in nism, we first compared the kinetics of translation and coli Hsp70 system takes 10-15 min (Szabo et al., 1994) folding in the unsupplemented S30 lysate with that in a (see Supplemental Figure S2 folding yield ‫%5ف(‬ in unsupplemented S30 versus This latter mechanism involves the cotranslational fold-‫%06ف‬ in RRL; data not shown), in both systems, FL ing of the N-terminal domain of FL during its synthesis activity appeared virtually concurrently with the produc-‫2ف(‬ min), followed by the rapid completion of folding tion of full-length chains (Figure 2A ), the hallmark of to the active enzyme upon release from the ribosome (Frydman et al., 1999, 1994) .
cotranslational FL folding. Strikingly, upon addition of 
TF and DnaK Act Cotranslationally to Cause a Shift in Folding Mechanism
Next, we performed translation experiments in the S30 system to determine whether the delay in folding caused by TF and KJE requires the cotranslational action of these chaperones. Production of FL activity was fol- ribosome associated, the folding-competent FL chains Importantly, addition of TF and KJE to the translation have reached a conformation no longer recognized by reaction together with the translation inhibitor failed to the chaperones. Based on these findings, the delay in produce any posttranslational folding phase ( Figure 4A) . FL folding observed when the chaperones are present Posttranslational folding was also absent when TF was throughout translation reflects a genuine switch to a added cotranslationally to a DnaK-immunodepleted lyposttranslational folding mechanism. sate, followed by addition of purified KJE upon termination of translation (data not shown). Thus, the cotranslational action of both TF and KJE is essential for the Additional TF Molecules Are Recruited to Translating Ribosomes delayed folding of FL and the increase in folding yield produced by these chaperones.
It seemed surprising that TF should have such a pronounced effect on the kinetics of folding while bound Control experiments were performed to rule out the possibility that TF and DnaK merely delay the completo the ribosome and interacting with nascent chains only in its immediate vicinity. We therefore asked whether the tion of FL folding after protein release from the ribosome. and 2 ) and saturated in ‫01ف‬ min at a level ‫-3ف‬fold higher refolded to the native state by the KJE system (data not shown). Thus, the low folding yield for FL in E. coli is than that at the beginning of translation. Addition of CAM, which blocks translation and stabilizes the ribonot due to a competition of other substrates for the KJE system or to an inhibitory effect of GroEL. some-nascent chain complexes, resulted in retention of 
